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Available online 30 April 2016The chemical composition of a unique bronze artifact known as the “Cesta” (“Basket”) belonging to the ancient
Nuragic civilization of the Island of Sardinia, Italy has been analyzed by combining X-ray Fluorescence Spectros-
copy (XRF) withMonte Carlo simulations using the XRMC code. The “Cesta” had been discovered probably in the
XVIII centurywith the first graphic representation reported around 1761. In a later draft (dated 1764), the basket
has been depicted as being carried upside-down on the shoulder of a large bronze warrior Barthélemy (1761),
Pinza (1901), Winckelmann (1776) . The two pictorial representations differed only by the presence of handles
in the most recent one. XRF measurements revealed that the handles of the object are composed by brass while
the other parts are composed bybronze suggesting the handles as being a later addition to the original object. The
artifact is covered at its surface by a fairly thick corrosion patina. In order to determine the bronze bulk compo-
sition without the need for removing the outer patina, the artifact has been modeled as a two layer object in
Monte Carlo simulations.





The Nuragic civilization thrived in the island of Sardinia, Italy, from
the Middle Bronze Age up to the VI century BC, leaving an important
legacy of bronze artifacts to the European cultural heritage. Indeed, an
impressive variety of bronze objects depicting several subjects (such
as boats, ritual and battle swords as well as human or animal figures,
the latter better known as bronzetti) have been discovered, some unique
from a typological point of view. One of these rarities is represented by
the so-called “La Cesta (The Basket)” a basket-shaped bronze which is
actually the most peculiar part of one of the largest human statuette
ever discovered in Sardinia (now part of the collection of pre-historic
bronzes stored in the Pigorini's museum in Rome (inv. 25528.001;
Fig. 1). It consists of a hollow elliptical object with straight long and
curved short sides; the walls are composed of parallel ledges bands ar-
ranged in slightly protruding on each other. The top is constituted by a
sort of extrados convex cover, with four protruding elements arranged
to produce a cross. On the opposite side, corresponding to the hollow
part, there are two parallel rod-shaped elements, broken at both ends.nternationale XXXIX (CSI 2015),Between the two opposite sides of the object, two half rings are fixed
to act as a bridge.
The exact circumstances regarding the discovery of both statuette
and basket in Sardinia are still unclear, although their dating as one of
the most ancient Nuragic objects ever discovered is widely accepted
amongst archeologists. What it seems certain is that the two pieces
were originally separated and had been joined to each other only after
their transport to the Museo Nazionale Romano, Italy with the basket
somewhat strangely positioned upside-down on the statuette's head
as resembling a hat. The first pictorial representation of this unique ob-
ject was published by Barthélemy in 1761 [1] while a second one was
published by Winckelmann in 1764 [2]. Another sketch (around 1900)
reproduces the human statuette while it was still stored at the Kirker
museum in Rome. with the basket already positioned on its head (see
Fig. 1) The “strange” positioning of the basket had been interpreted by
Giovanni Pinza (1901, c. 200) [3] as it representing a food container
placed in such a strange manner because the warrior represented by
the statuette, have had to tight to his shoulder the shafts of a cart
(also hosted at the Pigorini museum). However, this explanation did
not take in account the previous two drafts where the basket was in-
deed absent. Thus, from these sources it is possible to establish that
the basket had been added between 1764 and 1900. The current study
reports for the first time XRF analyses on this intriguing artifact. Due
to its non destructive nature, X-Ray Fluorescence Spectroscopy has be-
come a very commonly used analytical technique in Cultural Heritage
Fig. 1. Nuragic warrior. a) sketch with basket; basket lateral (b) and bottom (c) views
(major axis of 8.25, minor axis of 4.73 cm).
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the most common approach is to extract the peak area and use a quan-
tification algorithm such as Fundamental Parameter Method (FPM) to
determine elemental concentration, [9–12]. In this paper, we use a dif-
ferent, innovative approach where Monte Carlo simulation is used in-
stead of FPM for quantification allowing a better determination of
both relative concentrations and sample structure. With this methodo-
logical approach complex structures such as rough surfaces can be also
analyzed and simulated. XRF measurements were carried out by a cus-
tommade portable XRF system, an essential setup when analyzing pre-
cious samples which cannot be removed from their museum
environment.
2. Methods
The adopted analytical protocol is based on the integration of XRF
measurements and Monte Carlo simulations. In XRF spectroscopy,different approaches are possible according to the type of X-Ray excita-
tion used. Some authors use monochromatic or almost monochromatic
X-Rays which facilitate peak extraction and the determination of the el-
emental composition of the sample, due to the background contribution
being almost negligible in these cases [13–15]. However, a significant
part of information can also be extracted from the spectrumbackground
region such as it is the case, for example, when dealing with the contri-
bution to the spectrumof protective layers (often applied by restorers to
the surface of ancient metal objects) which is essentially stored in the
background region. Of course the thickness and composition of the pro-
tective layer is not important by itself, but its presencemay still alter the
spectrum and influence estimate of bronze bulk composition. For this
reason, our approach requires unfiltered X-Ray excitation. Monte
Carlo technique is based on a probabilistic simulation of the phenome-
non. In our particular case, we are simulating the interaction of X-Rays
with matter. A virtual array of photons is probabilistically generated
and their interactionwith the sample is determined also on a probabilis-
tic basis biased by the cross sections. This approach requires a good ran-
dom generation as well as an accurate description of the sample
structure and composition. The geometry of the analytical set-up
needs also to be modeled accurately. Standard Monte Carlo methods
and codes require long simulation times, in the order of several hours
up to few days, in order to produce a simulated measurement with
good statistical control. For these reasons, these codes are generally
not applicable to real experiments. However, a number of fast Monte
Carlo codes have been developed for this specific application. They are
based on the so-called variance reduction techniqueswhich allow to re-
duce the simulation time down to fewminutes, such as is the case with
the XMI-SIMS and XRMC code packages [16–20]. In this paper we use
the XRMC code. It is based on a continuously updated X-Ray database
called Xraylib [21–22]. XRMC is able to simulate any kind of X-Ray anal-
ysis at energy up to 100 keV. Moreover, it is also able to simulate rough,
irregular, surfaces which are often found in cultural heritage samples
[22–24].
The simulation approach applied here for sample composition and
structure estimate is based on a set of measurements of good quality
in terms of statistic and a set of simulations. The composition and struc-
ture are adapted in an effort to minimize any spectrum difference be-
tween measured and simulated spectra. The quality of the Monte
Carlo simulation is initially determined by visually comparing real and
simulated spectra and then refined by applying a chi-squared test. The
capability of the XRMC code to simulate rough surface has been used
for choosing the optimal experimental setup, with the aim of reducing
to a minimum the influence of roughness. The experimental setup is
based on a X-Ray tube (Mini-X by Amptek, silver anode) operating at
40 kV, 5–20 μA and a 1-2-3 SDD (Amptek). The unfiltered X-Ray spec-
trum is collimated to 1 mm in diameter, while no collimation is applied
on the detector side. In the real experiment, the X-Ray tube was tilted
from 20° to 40°, while the detector is placed at about 0° with respect
to the plane described by the detector and the X-Ray tube (see Fig. 2).
When feasible, the X-Ray tube was also also placed orthogonally with
respect to the sample surface as geometrical set-up can be simulated
by the Monte Carlo. The Monte Carlo code, for the measurements re-
ported here, was run on a laptop (Intel® Centrino i3). Each measure-
ment lasted about 4 min, while each Monte Carlo simulation required
about 2 min.3. Results and discussion
The object analyzed here is very complex, being formed by a basket
with two handles and four shafts. Measurements were performed on
several selected areas. For Montecarlo simulation, the point of analysis
on the body of the basket was geometrically regarded as a flat surface,
while both handles and shafts were considered as cylindrically shaped
areas.
Fig. 4. Experimental and simulated spectra of one of the shafts.
Fig. 2. Sketch of the experimental setup. The detector and the X-ray tube are placed on a
plane orthogonal to the surface of the sample. The detector is placed on the vertical with
respect to the surface of the sample and the detector forms with it an angle of 20°–40°.
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sample is depicted superimposed to the simulation spectrum. In this
case, the sample is modeled as a flat multilayer surface formed by twoFig. 3. Experimental and simulated spectra of the basket. a) bottom and b) lateral spots.layers: one150 μmthick and the other one virtually of infinite thickness,
(from the point of view of X-Ray absorption). The thin layer resulted
being composed by a Paraloid-like varnish applied in past conservation
treatments. The estimate of its thickness is essentially based on the sim-
ulation of the background region of the spectrum, inasmuch as a thinner
layer will produce a low intensity background, while a thicker one will
decrease the peak intensities, especially those at lower energies. The
simulated bronze layer composition gave the following values: 90 wt%
of copper, 1.5% of iron, 0.3% of silver, 6.0% of tin and 4.0% of lead.
In Fig. 3b, a spot from a lateral area of the basket is reported, together
with the simulation spectrum. The model used for the simulation is the
same as the one used for Fig. 3a, but, in this case, the simulation
displaying the best fit produced a different values: 86% of copper, 1.5%
of iron, 0.3% of silver, 8% of tin and 6.0% of lead. The higher tin and
lead contents can be explained by the position of the sample mold dur-
ing casting and by the different fluidity, i.e. mobility, of the elements
composing the alloy.
In Fig. 4, the experimental and simulated spectra from one of the
shafts are reported. In this case, the sample geometry is quite different.
It is formed by two coaxial cylinders, the external one 170 μm thick and
the internal one equivalent to infinite thickness. The composition is
equal to the one corresponding to the bottom part of the basket. We
have tried to simulate the shafts as flat surfaces but the simulated spec-
trum displayed a worse fit compared with the one obtained by assum-
ing a cylindrical shape. A brief explanation of the criteria used in theFig. 5. Experimental and simulated spectra of one of the handles. It is clearly visible the
Zinc K-line peaks.
Fig. 6. Handle base magnified.
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as follows: any surface can be modeled as a flat one if the size of the x-
ray beam is small enough with respect to the surface curvature. How-
ever, in the case studied here, we have another constraint, i.e. surface
roughness. In order to minimize its influence on the measured spec-
trum, we need to use a relatively large beam. The beam impinging on
the surface has a equivalent surface of about 10 mm2 and this size is
comparable with the shaft size.
Lastly, in Fig. 5, the experimental spectrum of one area on the han-
dles (see Figs. 1 and 6) has produced a very surprising result because
themeasurements show that it is clearly formed by brass (as evidenced
by the large zinc peak in the spectrum, Fig. 6). This means that the han-
dles most surely represent a later addition to the original artifact. It can
be also noticed in Fig. 5, where traces of welding are visible together
with a peculiar rhomboidal net incised on the surface. This finding
came as a great surprise as it remained unnoticed to archeologists and
conservators for the last three centuries. In fact, a thorough research dis-
covered an additional drawing made just a few decades before the one
reported in Fig. 1a where the basket is absent. Probably the restorer of
the XVI century thought that the right position of the basket was on
the head and to fix it in that position, he added two brass handles.
4. Conclusion
Auniquenuragic bronze has been analyzed for thefirst timeby com-
bining XRF Spectroscopy with Monte Carlo simulations. Besides bronze
characterization, a forgery has also been detected. The approach used
here allows to obtain a better estimate of the bronze bulk chemical com-
position and even to detect the presence of protective layers applied in
past conservation interventions, such as the Paraloid one encountered
in this study, normally “invisible” byXRF analysis alone. It is fast enough
to obtain a good estimate in less than 1 h depending on the geometrical
and compositional complexity of the sample. Future research will focus
on to development of an automatic procedure for the Montecarlo
simulations.
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